Angiotensin II (ANG II) inhibits proliferation and induces differentiation through AT2 receptors. However, target genes involved in this process are not well characterized. We studied PC12 cells, a rat pheochromocytoma cell line exclusively expressing AT2 receptors. ANG II attenuated proliferation of PC12 cells without concomitant induction of apoptosis. To identify potential novel genes involved in the antimitogenic actions of ANG II, we performed differential display analysis of PC12 cells after challenge with 10 Ϫ7 M ANG II for 6 hours. One identified gene selected for further study that was down-regulated by ANG II in PC12 cells was SM-20. This gene has been previously isolated from vascular smooth muscle cells treated with mitogens by differential hybridization. Recent findings show a homology of SM-20 with enzymes involved in the regulation of hypoxia inducible factor 1. ANG II suppressed mRNA expression of SM-20 in PC12 cells after only 30 minutes, as detected by Northern blotting. This effect was antagonized by an AT2 receptor blocker, but not by losartan. A rabbit polyclonal antibody was generated against a peptide sequence of SM-20 and detected a major band of the predicted size of 40 kd and a second 33-kd band that likely represents a processed form present in mitochondria. Immunohistochemistry revealed a granular staining of the cytoplasm of PC12 cells compatible with a previously described mitochondrial localization of SM-20 protein. Western blots confirmed the down-regulation of SM-20 protein in PC12 cells subsequent to incubation with ANG II. SM-20 transcripts were also reduced by ANG II acting on AT2 receptors in rat glomerular endothelial cells that express both AT1 and AT2 receptors. SM-20 antisense, but not sense, phosphothioate-modified oligonucleotides reduced base-line proliferation of PC12 cells. In contrast, inducible overexpression of SM-20 using the ecdysone system prevented the antiproliferative effects of ANG II in PC12 cells. In summary, our study identified SM-20 as an essential component of ANG II's growth-suppressive effects mediated through AT2 receptors. This gene apparently plays an important role in the regulatory processes determining whether a cell should undergo differentiation, apoptosis, or proliferation. (Lab Invest 2002, 82:1305-1317.
A ngiotensin II (ANG II) induces growth stimulatory effects such as proliferation or hypertrophy in many cells (Katz, 1990; Wolf and Neilson, 1993; Woolfson and Fine, 1996) . These effects are principally mediated through AT1-receptors, and several signal transduction cascades, including reactive oxygen radicals, and various protein kinases have been identified that link AT1-receptor activation to regulatory events of the cell cycle machinery. On the other hand, evidence accumulated in recent years demonstrates that binding of ANG II to AT2-receptors has opposite effects, including inhibition of proliferation and possible induction of apoptosis (Gallinat et al, 2000; Meffert et al, 1996; Stoll et al, 1995; Zimpelmann and Burns, 2001) . However, potential genetic programs involved in this AT2-receptor transduced inhibition of proliferation are largely unknown (Matsubara, 1998) . We used differential display analysis of mRNA obtained from PC12 cells, a pheochromocytoma cell line that exclusively expresses AT2-receptors (Kambayashi et al, 1993; Leung et al, 1992) , after challenge with ANG II, to identify potential novel genes involved in growth inhibition. We found that SM-20, a previously characterized mitochondrial protein involved in apoptosis (Lipscomb et al, 1999 (Lipscomb et al, , 2001 Wax et al, 1994 Wax et al, , 1996 , was down-regulated by ANG II. This suppression of SM-20 plays a critical role in ANG II-mediated inhibition of proliferation through AT2-receptors.
inhibited proliferation of cells grown in 10% FCS. Inhibition of proliferation of PC12 cells by ANG II was also observed in the absence of serum and still occurred after 72 hours under this condition (Table 1 ). The anti-mitogenic effect was blocked by the AT2-receptor antagonist PD123319, but not by the AT1-receptor antagonist losartan (Table 2) . Because it has been previously reported that AT2-receptor activation either stimulated or inhibited phosphotyrosine phosphatase (Brechler et al, 1994; Kambayashi et al, 1993) or, depending on the cell type, also induced serine/ threonine phosphatase 2a (PP2A; Huang et al, 1995; Kang et al, 1994) , we inhibited phosphotyrosine phosphatase with orthovanadate and PP2A with okadaic acid in the absence and presence of ANG II. Okadaic acid stimulates basal proliferation and abolished the antimitogenic effect of ANG II (Table 2 ). In contrast, orthovanadate alone significantly inhibited base-line proliferation of PC12 cells, and even further reduced ANG II-mediated inhibition of mitosis (Table 2 ). In addition, ANG II also inhibited [ 3 H]thymidine incorporation into PC12 cells in the absence as well as presence of 10% FCS (Fig. 1) .
To test whether the ANG II-mediated inhibition of proliferation was actually caused by induction of apoptosis, DNA laddering experiments were performed. However, as demonstrated in Figure 2 , 10 Ϫ7 M ANG II for 24 hours did not induce cleavage of DNA. Apoptosis induced in PC12 cells by 50 M etoposide could easily be demonstrated with this assay (data not shown).
Differential Display, Isolation, and mRNA Expression of SM-20
To gain insight into genes that may be potentially associated with ANG II-mediated inhibition of proliferation, PC12 cells were stimulated for 6 hours with 10 Ϫ7 M ANG II, and differential display analysis was performed using RNA isolated from cells grown in serum-free medium. A total of nine bands were isolated; two were up-regulated by ANG II treatment, whereas seven were suppressed by ANG II. Figure 3 reveals one example of the differential display analysis. The band labeled with the arrow was cut out of the gel and sequenced. Searching GenBank with BLAST revealed that this 261-bp fragment showed a 100% homology in the 3' untranslated end to rat SM-20. This gene has been previously isolated from smooth muscle cells stimulated with growth factors (Wax et al, 1994) . Northern blot analysis confirmed the downregulation of SM-20 in PC12 cells treated with 10 Ϫ7 M ANG II (Fig. 4) . The 2.7-kb mRNA was already downregulated after 30 minutes of incubation with ANG II, remained suppressed after 6 hours, but again increased to base-line levels after 24 hours (Fig. 4) . Densitometry and statistical analysis revealed that these changes were significant (controls: 1.00 Ϯ 0.00, 5 minutes: 0.89 Ϯ 0.05, 10 minutes: 0.93 Ϯ 0.19, 30 minutes: 0.76 Ϯ 0.18*, 60 minutes: 0.67 Ϯ 0.05**, 6 hours: 0.72 Ϯ 0.06**, 24 hours: 0.87 Ϯ 0.10 relative to changes in SM-20 expression normalized to 18 S; *p Ͻ 0.05, **p Ͻ 0.01 versus controls; n ϭ 4 to 7). Similar results were obtained when a full-length rat SM-20 cDNA probe was used instead of the differential display fragment (not shown). Treatment with 10 Ϫ6 M of the AT2-receptor antagonist PD123319, but not the same concentration of the AT1-receptor blocker losartan, abolished the ANG II-induced down-regulation of SM-20 in PC12 cells, suggesting signal transduction through AT2-receptors ( Fig. 5 ; controls: 1.00 Ϯ 0.00, 
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ANG II: 0.73 Ϯ 0.06**, ANG II ϩ losartan: 0.61 Ϯ 0.08**, ANG II ϩ PD123319: 1.10 Ϯ 0.30 relative to changes in SM-20 expression normalized to 18 S; **p Ͻ 0.01 versus controls; n ϭ 3). Cycloheximide (10 g/ml) increased base-line SM-20 expression and abolished the ANG II-mediated reduction in PC12 cells (Fig. 6) . Moreover, the broad specificity protein tyrosine phosphatase inhibitor orthovanadate completely suppressed base-line SM-20 expression in PC12 cells (Fig. 6 ). In contrast, the serine/threonine phosphatase inhibitor okadaic acid increased SM-20 base-line expression and prevented ANG II-mediated inhibition of SM-20 transcripts (Fig. 6) .
To test whether SM-20 is also negatively regulated by ANG II in cells other than PC12 cells, a previously characterized rat glomerular endothelial cell line (GER) that expresses both AT1-and AT2-receptors was investigated (Wolf et al, 1996b) . As shown in Figure 7 DNA fragmentation to detect apoptosis. PC12 cells were stimulated for 24 hours with 10 Ϫ7 M ANG II in the absence (controls) or presence of 10% FCS (10% FCS). Isolated DNA was size-fractionated on a 1% agarose gel and stained with ethidium bromide. However, only high molecular DNA is detected without the presence of DNA fragments, indicating the absence of apoptosis. This gel is representative of three independent experiments with similar results. selectively overexpressed AT2-receptors in COS7 cells that normally do not display receptors for ANG II. A single dose of ANG II (10 Ϫ7 M) for 6 hours also reduced base-line SM-20 expression in these cells ( Fig. 8 ; controls: 1.00 Ϯ 0.00, ANG II: 0.60 Ϯ 0.10 relative to changes in SM-20 expression normalized to 18 S; p Ͻ 0.05; n ϭ 3). However, there was no SM-20 base-line expression in a mouse tubular and mesangial cell line, as well as in tubular LLC-PK 1 cells that only express AT1-receptors (not shown).
Characterization of an Antibody Against SM-20 and SM-20 Protein Expression
To investigate whether the ANG II-mediated suppression of SM-20 mRNA in PC12 cells is paralleled by a reduction in protein, a polyclonal rabbit antibody was generated against a modified peptide encompassing amino acid sequence 331-346 of SM-20 (CERAE-AKKKFRNLTR), coupled with the N-terminal cysteine residue to keyhole limpet hemocyanin. Antiserum was purified with affinity chromatography. Preimmune serum obtained from the rabbit before immunization did not detect a specific band (Fig. 9A) . Western blot analysis revealed that the anti-SM-20 antiserum detects a major band of approximately 40 kd in PC12 cells lysates (Fig. 9A ). This is in excellent agreement with the predicted size of the protein. In addition, a faint band slightly larger than 30 kd can also be seen (Fig. 9A ). This additional band likely corresponds to a previously described 33 kd processed form of SM-20 lacking amino-terminal sequences that is predominantly present in mitochondria (Lipscomb et al, 2001 ). Addition of 10 g of the peptide used for immunization to the primary antibody almost completely abolished the detected bands, suggesting the specificity of the antiserum (Fig. 9A) . Incubation of PC12 cells with 10 Mitochondrial fractions were highly enriched to further study the distribution of SM-20. Mitochondrialrich fractions were identified through expression of the inner mitochondrial membrane-associated protein cytochrome c oxidase subunit IV (Cox 4; Fig. 10 ). Reincubation of the membrane with an antibody against cytochrome c (Cyto c) revealed strong expression in the mitochondrial fractions, but also some expression in cytoplasmatic fractions obtained from cells grown in the absence of ANG II (Fig. 10) . In contrast, stimulation with ANG II reduced Cyto c expression in the cytoplasmatic fractions. This finding indicates that ANG II suppresses apoptosis rather than stimulating it. Western blotting of mitochondrial and cytoplasmatic fractions with the anti-SM-20 antiserum revealed only expression of the 33-kd band in mitochondria, whereas both bands are detectable in cytoplasmatic fractions (Fig. 10) .
Immunohistochemistry using acetone-fixed PC12 cells revealed a granular cytoplasmatic staining with the polyclonal anti-SM-20 antibody (Fig. 11B ). ANG II treatment apparently reduced the intensity of the staining (Fig. 11C) . Replacement of the anti-SM-20 antibody with preimmune serum revealed no staining of PC12 cells (Fig. 11A ).
Effect of Inhibition or Inducible Overexpression of SM-20 on the ANG II-Mediated Antimitotic Effects in PC12 Cells
To test the functional role of SM-20 in ANG IImediated inhibition of proliferation, PC12 cells were transfected with 1 M phosphothioate-modified SM-20 sense or antisense oligonucleotides. As shown in Figure Northern blot for SM-20 expression. The ANG II-mediated decrease in SM-20 transcripts in PC12 cells was completely abolished by 10 Ϫ6 M of the AT2 receptor antagonist PD123319 (PD), but not by the same concentration of losartan (Los). These blots are representative of three independent experiments with qualitatively similar results.
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SM-20 sense oligonucleotides did not influence the inhibitory effect of ANG II on [
3 H]thymidine incorporation (Fig. 12 ). SM-20 antisense oligonucleotides reduced SM-20 protein expression compared with transfection with sense oligonucleotides (Fig. 12 ).
SM-20 was cloned in the ecdysone-inducible expression vector pIND and was transiently cotransfected with pVgRXR. ANG II (10 Ϫ7 M) for 24 hours significantly reduced cell number in the absence of the inducer muristone (Fig. 13A) . However, addition of 5 M muristone attenuated the ANG II-mediated inhibition of proliferation in PC12 cell. [
3 H]thymidine incorporation studies additionally confirmed that forced overexpression of SM-20 abolished the antimitogenic effects of ANG II (Table 3 ). The inducer muristone (5 M) up-regulated SM-20 mRNA ( Fig. 13B ) as well as protein expression (Fig. 13C) , even in the presence of 10 Ϫ7 M ANG II.
Discussion
In contrast to AT1 receptors that are involved in growth stimulatory effects and extracellular matrix production, ANG II exerts antiproliferative actions through the AT2 receptor subtype (Gallinat et al, 2000) . Depending on growth conditions, it has been also reported that AT2 receptor activation leads to apoptosis (Cao et al, 2000; Yamada et al, 1996) . PC12 cells that exclusively express AT2 receptors are widely used to study potential effects of ANG II on the inhibition of proliferation and induction of differentiation, but other cells such as tubular cells with forced overexpression of AT2 receptors are also inhibited in proliferation after challenge with ANG II (Kambayashi et al, 1993; Leung et al, 1992; Meffert et al, 1996; Zimpelmann and Burns, 2001) . Signal transduction pathways of the AT2 receptor are still not well understood, but involve certain lipid-signaling pathways, modification of tyrosine phosphatase activity, and induction of serine/threonine phosphatases (Gallinat et al, 1999; Steckelings et al, 1998) . Although is has been found that the antimitogenic effects of ANG II in PC12 cells are not mediated by repression of immediate early genes (Steckelings et al, 1998) , potential target genes regulated by ANG II through AT2 receptors are not known. Therefore, we used a differential display approach to identify such genes that may be potentially involved in ANG IIinduced growth suppression. We first confirmed previous data that ANG II reduces proliferation of PC12 cells grown either in the absence or presence of serum, and that these effects are mediated through AT2 receptors. The antimitogenic effect of ANG II may depend on activation of serine/threonine phosphatases because treatment with okadaic acid abolished the growth suppressive action of ANG II, whereas orthovanadate further reduced proliferation. The coupling of the AT2 receptor to serine/threonine phosphatases has been described in neuronal cells (Huang et Kang et al, 1994) . Depending on the cell type and experimental conditions, ANG II mediates through AT2 receptors either an activation or inhibition of tyrosine phosphatases (Brechler et al, 1994; Kambayashi et al, 1993) . Our data that orthovanadate inhibits proliferation could be interpreted that ANG IImediated inhibition of mitosis in PC12 cells depends on inhibition of tyrosine phosphatases. However, ANG II-mediated inhibition of proliferation in epithelial cells such as proximal tubular LLC-PK 1 cells transfected with AT2 receptors involves activation of tyrosine phosphatases (Zimpelmann and Burns, 2001 ).
We selected a stimulation time of 6 hours after ANG II treatment because we did not want to pick up very early expression products such as immediate early genes that are not influenced by ANG II in PC12 cells (Steckelings et al, 1998) , but rather thought to identify later genes potentially involved in regulation of G 1 /S phase transit. Differential display analysis revealed that the majority of transcripts were reduced in PC12 cells after ANG II for 6 hours compared with unstimulated controls. One of these products is SM-20. This gene was originally isolated using differential screening of cDNA libraries derived from rat aortic smooth muscle cells stimulated with growth factors (Wax et al, 1994) . More recently, a human SM-20 homolog has been cloned that is highly expressed in cardiac muscles and in the central nervous system (Dupuy et al, 2000) . Growth factors such as serum and plateletderived growth factors induced SM-20 mRNA in quiescent vascular smooth muscle cells within 1 hour (Wax et al, 1994) . The SM-20 transcripts were superinduced by cycloheximide (Wax et al, 1994) . The open reading frame of SM-20 encodes a 355 amino acid protein with a molecular weight of 40 kd (Wax et al, 1994 (Wax et al, , 1996 . Like SM-20 transcripts, protein levels were also increased after serum stimulation of quiescent rat aortic smooth muscle cells (Wax et al, 1994) . A high level of SM-20 expression in PC12 cells was already described in the original contribution, but the functional role remained at this time obscure (Wax et al, 1994) . However, recent data provided novel insight into the function of SM-20 (Lipscomb et al, 1999 (Lipscomb et al, , 2001 . Sympathetic neurons are undergoing apoptosis when deprived of nerve growth factor. Differential display analysis revealed an up-regulation of SM-20 in these apoptotic neurons, suggesting a role of SM-20 in the process of apoptosis (Lipscomb et al, 1999) . A SM-20 mRNA expression in rat glomerular endothelial cells that express both AT1 and AT2 receptors. Similar to PC12 cells, 10 Ϫ7 M ANG II for 6 hours significantly decreased SM-20 mRNA in rat glomerular endothelial cells. This effect was antagonized by the AT2 receptor antagonist, but not by the AT1 receptor blocker losartan (Los) or irbesartan (Irbes). These blots are representative of three independent experiments with qualitatively similar results.
Figure 8.
Overexpression of AT2 receptors in COS7 cells that do not express ANG II-receptors. COS7 cells were transiently transfected with an AT2 receptor expression plasmid and incubated for 6 hours with 10 Ϫ7 M ANG II. Northern blot analysis for SM-20 revealed that ANG II also leads to a down-regulation in these cells. These blots are representative of three independent experiments with qualitatively similar results.
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recent study by Lipscomb and colleagues revealed that SM-20, at least in neurons, is a mitochondrial protein that promotes cell death through a caspase 3-dependent mechanism (Lipscomb et al, 2001) . However, the function of SM-20 in this process may be more indirect because ectopic expression of SM-20 does not result in widespread Cyto c release from mitochondria, a marker of apoptosis (Lipscomb et al, 2001) .
Recently it has been found that SM-20 is a mammalian homolog to the EGL-9 gene of C. elegans (Epstein et al, 2001) . EGL-9 is a dioxygenase that regulates hypoxia inducible factor 1 (HIF-1) by prolyl hydroxylation (Epstein et al, 2001) . It seems that EGL-9 is an oxygen sensor and induction of this enzyme leads to prolyl hydroxylation of HIF with subsequent degradation of HIF-1 by a multiprotein complex with the von Hippel-Lindau tumorsuppressor protein as an important component (Epstein et al, 2001) . HIF-1 is a transcription factor that activates a wide variety of target genes involved in growth and differentiation (Hofer et al, 2002) . It has been shown that HIF-1 is expressed in normoxic conditions in many tissues, suggesting an important role in normal cell homeostasis (Strocka et al, 2001 ). Thus, one could speculate that ANG II may induce HIF-1 through down-regulation of SM-20. Indeed, ANG II-mediated HIF-1 expression has been described in vascular smooth muscle cells (Richard et al, 2000) . We also have obtained preliminary evidence that ANG II up-regulates HIF-1 in PC12 cells (unpublished observation).
Our present data suggest that down-regulation of SM-20 expression is necessary for ANG II-mediated inhibition of proliferation, and induction of differentiation, of PC12 cells. Inhibition of SM-20 expression using antisense oligonucleotides mimicked the antimitogenic effects of ANG II, whereas forced inducible overexpression prevented ANG II-mediated inhibition of proliferation. The immunohistochemical staining of SM-20 in a punctuated pattern using our polyclonal antiserum is in agreement with the previously found mitochondrial compartmentalization (Lipscomb et al, 2001) . In contrast to the previously reported expression in rat aortic vascular smooth muscle cells, we could not find an ANG II-induced increase in SM-20 transcripts using Northern blots in several cell lines such as mouse mesangial and tubular cells as well as tubular LLC-PK 1 cells that exclusively express AT1 receptors. It seems that the robust base-line expression of SM-20 and down-regulation by ANG II depend on the presence of AT2 receptors as found in PC12 cells and GERs. The most direct evidence comes from our studies in COS7 cells with forced overexpression of AT2 receptors in which ANG II leads to suppression of SM-20 transcripts. Furthermore, the orthovanadateinduced down-regulation of SM-20 transcripts was associated with proliferation of PC12 cells, whereas okadaic acid antagonized ANG II-induced inhibition of proliferation and kept SM-20 expression high, even in Characterization of the anti-SM-20 antibody and SM-20 protein expression in PC12 cells. As described in "Materials and Methods," a rabbit polyclonal antibody was generated against peptide-encompassing amino acids 331-346 of SM-20 coupled to keyhole limpet hemocyanin. A, Preimmune serum obtained from the rabbit before immunization did not detect any band in PC12 cell lysates. The prepared polyclonal anti-SM-20 antibody (␣-SM-20 Ab) recognized a stronger band of 40 kd and a weaker band of approximately 33 kd. This smaller band has been previously described and is likely a processed form of SM-20 lacking amino-terminal sequences (Lipscomb et al, 2001 ). Preincubation of the antibody with 10 g of the peptide used for immunization almost completely abolished specific binding. These blots are representative of two independent experiments with similar results. B, Western blot analysis of total lysates of PC12 cells grown in serum-free medium (controls) or in the presence of 10 Ϫ7 M ANG II. Stimulation of PC12 cells with ANG II resulted in a decrease in SM-20 protein expression. All membranes were reprobed with a monoclonal antibody against ␤-actin to control for small variations in protein loading and transfer. This blot is representative of three independent experiments with qualitatively similar results.
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Laboratory Investigation • October 2002 • Volume 82 • Number 10 the presence of ANG II. This reverse association of SM-20 expression and proliferation suggests that ANG II exerts its antimitogenic effects through AT2 receptorassociated activation of serine/threonine phosphatases that modulate SM-20 expression.
It has been suggested that ANG II principally exerts through AT1 and AT2 receptors opposite effects and a ying-yang hypothesis involving both receptors has been postulated (Gallinat et al, 2000) . Our observations, together with previous data, may partly support this hypothesis. ANG II stimulates through AT1 receptors proliferation and also induces expression of SM-20 as previously reported in vascular smooth muscle cells (Wax et al, 1994) . On the other hand, activation of AT2 receptors in PC12 cells inhibits proliferation, causes differentiation, and represses SM-20 expression.
We found in our current study that the antiproliferative effects of ANG II were not associated with induction of apoptosis. Moreover, ANG II-mediated downregulation of SM-20 in PC12 cells was rather associated with a reduced number of cells undergoing apoptosis as detected by translocalization of Cyto c into the cytoplasm. The observation that induced SM-20 expression is associated with apoptosis in neuronal cells fits this network (Lipscomb et al, 1999 (Lipscomb et al, , 2001 . Apoptosis is often associated with proliferation and requires in many systems active entrance into the cell cycle. In contrast, although its has been reported in some systems that activation of the AT2 receptor after prolonged activation may cause apoptosis (Yamada et al, 1996) , inhibition of proliferation does not necessary imply apoptosis, but could alternatively lead to cellular differentiation (Lucisu et al, 1998) . Because it has been previously reported that the ANG II-mediated antimitogenic effects are associated with differentiation of PC12 cells (Meffert et al, 1996) and the AT2 receptor is also involved in axonal regeneration (Lucisu et al, 1998) , these observations likely suggest cell cycle arrest and probably withdrawal from the cell cycle to induce differentiation. Although we have not formally quantitatively determined differentiation in our study, ANG II-treated PC12 cells 
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exhibited more neurite outgrowth, suggesting induction of differentiation (not shown). Apoptosis and proliferation are linked by cell cycle regulators, and apoptotic stimuli affects both proliferation and death (King and Cidlowski, 1998; Shankland and Wolf, 2000) . For example, mesangial cell apoptosis was markedly increased in nephritic mice lacking the cyclindependent kinase (CDK)-inhibitor p27 Kip1 (Ophascharoensuk et al, 1998) . Moreover, apoptosis induced by growth factor deprivation or cycloheximide was strongly increased in p27
Kip1 -/-mesangial in vitro compared with wild-type (Hiromura et al, 1999) . Recently, it has also been suggested that death receptors are coupled to both cell proliferation and apoptosis (Budd, 2002) . In contrast, cellular differentiation requires up-regulation of CDK inhibitor and cell cycle arrest (Shankland and Wolf, 2000) . In addition, inducible expression of NF-B-inducing kinase induces PC12 cell differentiation and concomitantly prevents apoptosis, suggesting that differentiation and apoptosis are oppositely regulated (Foehr et al, 2000) . Thus, proliferation/apoptosis and differentiation may be viewed as contrary functions of a cell, requiring either active progression through the cell cycle or cell cycle exit. These functions are apparently associated with differential regulation of SM-20 expression. Assuming that SM-20 and HIF-1 expressions are inversely regulated, further studies are necessary to address how 
Materials and Methods
Cell Culture
PC12 cells, a well-characterized rat adrenal pheochromocytoma cell line, were obtained from the European Collection of Animal Cell Cultures (Salisbury, United Kingdom). Cells were grown in suspension cultures in DMEM (Gibco-BRL, Eggenstein, Germany) with 10% FCS in 5% CO 2 at 37°C. In agreement with previous findings (Leung et al, 1992; Meffert et al, 1996) , PC12 cells expressed only AT2-receptors by competitive binding assays (not shown).
GER is a previously characterized cell line that was established from glomerular endothelial cells derived from Wistar rats (Wolf et al, 1996b (Wolf et al, , 1997 . These cells express AT1 and AT2 receptors (Wolf et al, 1996b (Wolf et al, , 1997 . GERs were cultivated in DMEM with 10% FCS. Mouse mesangial cells and mouse proximal tubular cells are syngeneic cell lines originally established from SJL mice (Wolf and Neilson, 1990; Wolf et al, 1992) . Mouse mesangial cells and mouse tubular cells have been extensively characterized and express only AT1-receptors. They were cultured in DMEM with 10% FCS and passaged every 3 to 4 days.
COS7 and LLC-PK 1 cells were also obtained from the European Collection of Animal Cell Cultures and cultured in DMEM with 10% FCS. COS7 cells were transiently transfected with an expression vector in which a full-length rat AT2-receptor cDNA is under control of a CMV promoter (Zimpelmann and Burns, 2001 ; a gift of Dr. Kevin D. Burns, University of Ottawa, Ottawa, Canada). Transfection were performed with lipofectin (Gibco-BRL) as previously described (Wolf et al, 1996) .
Differential Display Analysis
PC12 cells were rested in serum-free medium for 12 hours and were subsequently stimulated with a single dose of 10 Ϫ7 M human ANG II (Sigma, Deisenhofen, Germany) for another 6 hours. Control cells received only fresh serum-free medium. At the end of the incubation period, cells were washed in RNAse-free PBS and poly (A) ϩ RNA was isolated using the Fast Track kit (InVitrogen, Groningen, Netherlands). The RNAimage kit (GeneHunter, Nashville, Tennessee) was used for differential display. Reverse transcription and subsequent PCR using degenerated anchored oligo(dT) primer was performed according to the manufacturer's recommendations. Ten microcuries of ␣-[
35 S]dATP (2000 Ci/mmole; Amersham, Braunschweig, Germany) were included in the PCR reactions and 40 cycles with an annealing temperature of 40°C for 2 minutes, an extension step at 72°C for 30 seconds, and a denaturation step at 92°C for 30 seconds were performed. Of the PCR product, 3.5 l was incubated in 2 l formamide loading buffer on a 6% denaturing polyacrylamide gel. Gels were vacuum dried, and autoradiograms were performed for 24 hours. After aligning the film with the gel, the DNA band of interest was cut out, boiled, and DNA was precipitated. DNA was reamplified using the same degenerated anchored oligo(dT) primer sets, and subcloned into the pGEM-T Easy vector (Promega, Madison, Wisconsin) . Inserts were sequenced with the dideoxy method. GenBank was searched with BLAST for homologies to differentially expressed genes.
Northern Blotting
Quiescent PC12, GER, mouse mesangial cells, or mouse tubular cells were stimulated for different times (5 minutes to 24 hours) with various concentrations of ANG II (10 Ϫ10 to 10 Ϫ4 M) in the presence or absence of the AT1-receptor antagonist losartan (10 Ϫ6 M; a gift of Merck, Sharp & Dohme, Munich, Germany) or the AT2-blocker PD123319 (10 Ϫ6 M; Sigma). Additional cells were also treated with 10 g/ml cycloheximide, 10 Ϫ5 M orthovanadate, or 10 Ϫ7 M okadaic acid (all from Calbiochem). After washing in RNAse-free PBS, cell were directly lysed in 4 M guanidinium isothiocyanate, 25 mM sodium citrate (pH 7.0), 0.6% sarcosyl, and 0.1 M 2-mercaptoethanol. Total RNA was isolated by repeated phenol-chloroform extractions and isopropanol precipitations. Twenty micrograms of total RNA were denatured by heating in formamide/formaldehyde at 65°C for 20 minutes and then subjected to electrophoresis through a 1.2% agarose gel containing 2.2 M formaldehyde. The RNA was then vacuum blotted onto nylon membranes (Hybond-N; Amersham), and filters were ultraviolet cross-linked. The 261 cDNA insert of the differential display cloned being identical to SM-20 was used as a probe. Alternatively, a 1.1-kb EcoRI-EcoRV cDNA fragment from pDS12 encoding full-length rat SM-20 (Lipscomb et al, 2001 ) was also used for experiments and revealed identical results. The cDNA inserts were labeled with [ 32 P]dATP (3000 Ci/mmol; Amersham) using hexamer primers. Prehybridization, hybridization, washes, and autoradiography were performed as previously described in detail (Wolf et al, 1997) . To control for small variations in RNA loading and transfer, stripped filters were rehybridized with a 2.0-kb cDNA insert of the plasmid pMCI encoding the murine 18 S band. Exposed films were scanned with Fluor-S multi-imager (Bio-Rad, Hercules, California), and data were analyzed with the computer program MultiAnalyst (Bio- 
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Rad). A ratio between the intensities of SM-20 and 18 S bands was calculated and control cells were arbitrarily assigned a relative value of 1.00. 3 H]thymidine (5 Ci/mmol, Amersham) during the last 6 hours of culture. At the end of the incubation period, cells were collected on glass-fiber paper with an automatic cell harvester (Wolf et al, 1997) . Radioactivity of dry filters was measured by liquid scintillation spectroscopy.
Measurement of Proliferation
Determination of Apoptosis
Detection of internucleosomal DNA fragmentation was used to test whether ANG II induces apoptosis in PC12 cells. Cells were stimulated for 24 hours with 10 Ϫ7 M ANG II in the absence or presence of 10% FCS. DNA extraction was performed with a DNA laddering kit (R&D Systems, Wiesbaden, Germany) according to the manufacturer's recommendations. DNA samples were loaded onto a 1% agarose gel and the gel was stained after electrophoresis with 0.5 g/ml ethidium bromide to detect DNA. These experiments were independently performed three times with similar results. PC12 cells treated with 50 M etoposide (Sigma) served in one experiment as a positive control for apoptosis (not shown).
Generation and Characterization of Polyclonal
Anti-SM-20 Antibody, Western Blots, Cell Fractionation, and Immunohistochemistry A modified peptide encompassing amino acid sequence 331-346 of SM-20 (CERAEAKKKFRNLTR) was coupled with the N-terminal cysteine residue to keyhole limpet hemocyanin (Biotrend, Cologne, Germany). New Zealand white rabbits were immunized and subsequently boostered three times. After bleeding, IgG was isolated with affinity chromatography.
For Western blot experiments, 10 6 PC12 cells were treated for 6 hours with 10 Ϫ7 M ANG II. After washing in PBS, cells were lysed in 2% SDS, 60 mM Tris-HCl (pH 6.8), 100 mM dithiothreitol, and the protein content was measured by a modification of the Lowry method that is insensitive to the used concentrations of SDS and dithiothreitol. Protein concentrations were adjusted to 80 g/sample, 5% glycerol, 0.03% bromophenol blue were added, and samples were boiled for 5 minutes. After centrifugation, supernatants were loaded onto a denaturing 10% SDS-polyacrylamide gel. Rainbow markers (Amersham) served as molecular weight standards. After completion of electrophoresis, proteins were electroblotted onto a nitrocellulose membrane in transfer buffer (50 mM Tris-HCl, pH 7.0, 30 mM glycine, 20% methanol, 0.1% SDS). Filters were stained with Ponceau S (Sigma) to control for equal loading and transfer. The blots were blocked in 8% nonfat dry milk in PBS with 0.1% Tween for 1 hour at room temperature. The anti-SM-20 antibody was used in a 1:200 dilution. The secondary goat anti-rabbit IgG peroxidase-conjugated antibody (BD Bioscience, Heidelberg, Germany) was used in a 1:1000 dilution. The ECL system (Amersham) was used for luminescence detection. To detect for small variations in protein loading and transfer, the membranes were washed and reincubated with a monoclonal antibody against the housekeeping protein ␤-actin (Sigma). Bands were scanned and analyzed by densitometry. An intensity ratio of SM-20 and ␤-actin bands was calculated. Western blotting experiments were independently performed three times with qualitatively similar results. For control experiments, the SM-20 antibody was replaced by preimmune serum from exactly the same rabbit used subsequently for immunization. As an additional control, the SM-20 antibody was preincubated for 30 minutes at room temperature with 10 g of the modified peptide used for immunization. This preincubated antibody was then used for the detection of SM-20 protein in PC12 cell lysates. To obtain information on which cellular structures express SM-20, cell fractionation experiments were performed using the ApoAlert cell fractionation kit (Clontech, Palo Alto, California). Mitochondrial and cytoplasmatic fractions were identified after Western blotting with an antibody against Cox 4 that is exclusively expressed in the inner mitochondrial membrane. Blots were washed and subsequently reincubated with either the SM-20 antiserum or an antibody against Cyto c, a protein released early into the cytoplasm during apoptosis. Cell fractionation experiments with Western blots were independently performed twice with qualitatively similar results.
For immunohistochemistry detection of SM-20, cells were stimulated as appropriate, washed in PBS, and pipetted on glass slides covered with gelatin. After air drying, cells were fixed in ice-cold acetone for 5 minutes. Slides were incubated with a 1:2 dilution of the polyclonal anti-SM-20 antibody or undiluted preimmune rabbit serum as negative control. Endogenous peroxidase was blocked with 0.3% H 2 O 2 in PBS for 30 minutes. Peroxidase-conjugated goat antirabbit IgG antibody (Santa Cruz Biotechnology, Santa Cruz, California) was used as a secondary antibody in a 1:30 dilution. Peroxidase activity was detected with diaminobenzidine.
Inhibition of SM-20 Expression with Antisense Oligonucleotides and Overexpression Using Ecdysone-Inducible Vectors
To investigate the function of SM-20, expression was inhibited using antisense technology. PC12 were transfected with 1 M of either phosphothioatemodified sense (5'ACCATGACGTTGAGGTCAA3') or antisense (5'TTGACCTCAACGTCATGGT3') oligonucleotides using lipofectin as described (Wolf et al, 1996a) . After 12 hours, cells were replated into a 96-well plate, stimulated with ANG II for 24 hours, and [ 3 H]thymidine incorporation was measured as described above. PC12 cells in small tissue flasks were also transfected with either sense or antisense oligonucleotides. After 24 hours, cells were lysed, and Western blots were performed with the anti-SM-20 antibody to test the effect of sense and antisense oligonucleotides on SM-20 protein expression. Blots were performed independently twice with qualitatively similar results.
To overexpress SM-20, the full-length rat SM-20 cDNA was subcloned into pIND (InVitrogen; No et al, 1996) . Cells were co-transfected with 10 g of pINDSM-20 and pVgRXR that expresses the heterodimeric ecdysone receptor. Induction of SM-20 transcription was achieved by incubation with 5 M muristone (InVitrogen) as previously described (Wolf et al, 2001 ). This inducible expression system has the advantage that mammalian cells do not contain the ecdysone receptor . Therefore, basal levels of transcription are very low and this system does not interfere with cell cycle regulation in mammalian cells. Furthermore, uninduced control cells are transfected with the some vector system. After 12 hours, cells were replated into 24-or 96-well plates. Proliferation was measured by [ 3 H]thymidine incorporation (96-well plates) or counting total cells (24-well plates) in the presence and absence of ANG II and muristone. Expression of SM-20 mRNA and protein was determined by Northern and Western blots as described above.
Statistical Analysis
All values are presented as means Ϯ SEM. Statistical significance among multiple groups was first tested with the nonparametric Kruskal-Wallis test. Individual groups were then tested using the Wilcoxon-MannWhitney test. A p value of Ͻ 0.05 was considered significant.
